Diastolic properties of the left ventricle (LV) are probably influenced by several factors, including completeness of ventricular relaxation, composition of the ventricular wall, and wall thickness. This study has utilized a combined ultrasonic and hemodynamic technique to examine the influence of LV posterior wall thickness at end diastole (h,) on LV diastolic characteristics in 24 patients with various forms of heart disease. The slope of late diastolic LV pressure-diameter relations (A&P/AD) was calculated and used as a measure of effective diastolic stiffness (S) late in diastole. S was normalized for average LV pressure during the interval of measurement (P) as S/P, called SN. LV end diastolic pressure (LVEDP), volume index (LVEDVI), and mass index (LVMI) were measured in each patient during the same study at which hp, S and SN were determined.
D IASTOLIC PROPERTIES of the left ventricle are probably influenced by multiple factors, including completeness of ventricular relaxation, composition of the ventricular wall, and ventricular wall thickness. The completeness of left ventricular relaxation in man has recently been examined and found to be an important determinant of diastolic pressure and compliance, particularly in patients with ischemic heart disease. [1] [2] [3] Changes in the composition of the ventricular wall, as with hypertrophy4 or the fibrosis of diffuse coronary artery disease, [5] [6] [7] have been reported to result in increased diastolic stiffness of the left ventricle, but the role of these changes has not been clearly separated from the possible influence of concomitant alterations in wall thickness.
Recently, the study of diastolic left ventricular characteristics in man has been approached by use of a combined hemodynamic and ultrasonic technique to quantify the left ventricular pressurediameter relation in late diastole.4 8 9 In the present study, we have utilized this approach to examine 129 the role of left ventricular wall thickness as a determinant of diastolic properties performed in each study, and patients with regional abnormalties of contraction were excluded.
Immediately prior to angiography a simultaneous strip chart recording of ECG, left ventricular pressure, and ultrasonically determined septal and posterior vall motion in the plane of the mitral valve (recorded with a Smith-Kline Ekoline 20A ultrasonoscope interfaced with the Electronics for Medicine recorder) was obtained as previously described.4 9 Differentiation of posterior wall endocardium from epicardium was aided by sudden damping of the intensity of the ultrasonic beam in all cases, and by injection of indocyanine green dye'(0 in the left ventricular chamber whenever possible ( fig. 1 ).
The use of a combined ultrasonic and hemodynamic teclnique in the analysis of left venitricular diastolic stiffness has been previously reported from this laboratorV4 8 XL~~IX, measurement is illustrated. LV internal diameters AB and CD are meastired at the onset and peak of left atrial systole, respectively. Measuirement of the corrsesponding pressures Pi and P2 allows calculation of sP/AD as dAscussed in the text. Posterior wall thickness at end diastole is taken as the distance between epicardial and endocardial echoes 0.04 sec after the onset of the QRS in the ECG. PW =posterior wall. described by others,"13 anid reported to show excellent correlation with angiographically and directly measured left velntricular wall thickness. Only patients in whom echocardiographic records were of sufficient quality to permit accurate identification of posterior wall epicardial and endocardial sturfaces were included (figures 1 and 2), and this was possible in approximately 70% of studies performed in our laboratory. Patients were inistr-ucted to mnainitain normial quiet respirationi duiring recordinig. Where significant respiratory variation in pressulres wvas observed, measurements were made and averaged over an en-tire respiratory cycle; otherwise, mi-easurements were averaged over five beats. Ventricuilar enid diastolic volumes were calculated from end diastolic diameter.s in each patienit, according to the method of Feigenbauim et al.14 by simply cubing the end diastolic diameter. All volumes xvere indexed for body surface area. Left ventricular mass was calcutlated for each patient from echocardiographic wall thickness an-td end diastolic diameter, accordinlg to the method of Troy, Pombo, anid Rackley.12 This method hias been reported by them to slIow excellent correlation with left ventricular mass calculated from biplane left ventricular angiograms. Values obtained were indexed for body suri-face area in each patient. Statistical analysis \\ as carried out using standard techniques for linear regressioni analysis, t statistics for testing linear regression, and the unpaired t test for analysis of variance.15-,
Results
Left entricular posterior wall thickness, h, ranged from 5.6 to 18.6 mm. In this series of 24 paticents the highest value was noted in patient RB 'th severe aortic stenosis, while the lowest value was recorded in patient JH with mitral stenosis.
Linear regression of h1, against effective left vtentricular diastolic stifflness showed strong correlation (S = h1, 4.87; r = 0.85, P < 0.001) as illustrated in figure 3 . Signiificanit correlation was also found between h1, and normalized diastolic stiffniess (SN = 0.313 hl) -0.019; r 0.75, P < 0.001), and left venitricular end diastolic pressure (LVEDP -23.4 hl, -3.15; r-0.74, P <0.001).
Poor correlation was noted with AP, AD, and left venitricular end diastolic volume index. All linear regressioni data are summarized in table 1. Patienits with left ventricular hypertrophy (LVIH) by standard electrocardiographic criteria'G LV DIASTOLIC WALL THICKNESS A strong correlation was observed suggesting that waU thickness is a useful predictor of left ventricular diastolis stiffness. 0.10 mm) than those without LVH (hp = 8.3 0.6 mm, P < 0.02), although there was considerable overlap of the two groups. Of the 12 patients in this study with LVH, four had normal* values for hp (7.9 1.0 mm) and eight had abnormal values (hp 13 +-0.6 mm). Those with abnormal hp showed significant increases in S (7.7 + 1.5 mm Hg/mm) compared to those with normal hp in whom S was nearly normal (S = 3.8 + 0.5, P < 0.05). This suggests that LVH may alter S only insofar as there is an associated increase in wall thickness.
A more precise measure of left ventricular hypertrophy, the left ventricular mass index,12 also tended to correlate with increased hp (r = 0.64, P < 0.01) and with S (r = 0.72, P < 0.01). However, if only those with increased left ventricular masst are examined, left ventricular mass index becomes a poor predictor of S (r = 0.50, NS) or hp (r = 0.23, NS), but within this group hp remains an excellent predictor of S (r = 0.86, P < 0.001). This suggests that wall thickness is a determinant of ventricular diastolic stiffness independent of the presence or absence of an increased left ventricular mass.
*less thanl 11MM.17 tgreater than 124 gm/m2.18
Circulation, Volume XLIX, January 1974 Discussion This study has investigated the influence of wall thickness on diastolic properties of the left ventricle. The results suggest that wall thickness is a major determinant of left ventricular diastolic stiffness and pressure, but correlates poorly with diastolic chamber size. One might speculate that this scheme of things has the very important physiologic consequence of maintaining wall stress nearly constant. By itself, increased wall thickness tends to decrease wall stress by distributing diastolic forces over a greater area. A concomitant increase in those diastolic forces* would restore wall stress toward normal, but unless accompanied by an increase in ventricular diastolic stiffness, such an increase in diastolic force would lead to progressive dilatation. The increased stiffness thus preserves the normality of wall stress and minimizes dilatation, but at the cost of an elevated left ventricular filling pressure and its accompanying clinical manifestations of pulmonary congestion and edema. The importance of wall thickness as a determinant of left ventricular wall stress has been pointed out by Hood, Rackley, and Rolett,20 and the relationship between diastolic stiffness and sarcomere stretch has been thoroughly reviewed in a recent editorial by Levine.2'
The poor correlation between wall thickness and diastolic chamber size suggests that left ventricular volume overload, which was responsible for the enlarged diastolic chamber size in 14 of the 24 patients in this study, is not a particularly potent stimulus to increased wall thickness. In contrast, pressure overload, which produced the greatest increase in wall thickness seen in this study (patient #20, RB), was associated with no increase in diastolic chamber size.
In this regard, it might be well to comment on the role of hypertrophy as a determinant of left ventricular diastolic stiffness. A diagnosis of left ventricular hypertrophy by standard ECG criteria correlates well with increased left-ventricular mass.'" This increased mass may be so distributed as to minimize increases in wall thickness, as was observed in four of the 12 patients in this study with LVH by ECG criteria. As noted above, those with LVH and normal wall thickness had lower *Diastolic forces here are a function of diastolic pressure and chamber size. For a spherical model, stress (o-) is related to pressure (P), radius (R) and wall thickness (h) as c-= PR/2h.1 9 Thus, increases in wall thickness must be accompanied by increased pressure or radius if wall stress is to remain constant. '1. 133 . .
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values for effective stiffness (S) than those with LVH and abnormal wall thickness. Previously we had reported4 that LVH correlated quite well with left ventricular diastolic stiffness: it would appear from the present data that within the population of all patients exhibiting LVH by ECG criteria, wall thickness acts as a further and independent predictor of stiffness. This is supported by the observation that even in the absence of LVH, increased h1, was associated with increased S, as noted in patient LD with amyloidosis.
In further support of this hypothesis is the data concerning left ventricular mass. Patients with increased total left ventricular mass may show wide variation in wall thickness, depending on whether concentric hypertrophy or series replication of sarcomeres has been the predominant pathway leading to the increased mass. In this study, within the subgroup of patients having increased left ventricular mass, the mass itself was a poor predictor (r = 0.50, P = 0.15) of diastolic stiffness, while wall thickness remained an excellent predictor (r =0.86, P <0.001) of stiffness. This supports the contention that wall thickness is a major determinant of diastolic left ventricular stiffness, independent of the presence or absence of increased left ventricular mass.
Certain limitations of this study must be emphasized. First, wall thickness was not determined directly (e.g., at surgery or autopsy) in our patients, but rather by an indirect ultrasonic technique. We have relied upon the work of others'13who have reported an excellent correlation between direct measurements and those made utilizing the ultrasonic method. Second, it is possible that ventricular filling may occur in a different fashion in thick-walled as opposed to thinwalled ventricles. Thus, if long axis lengthening plays a more significant role in either condition than does internal diameter (minor axis) lengthening, a consistent bias might be introduced by reliance on only internal diameter for characterizing changes in diastolic geometry. Third, posterior wall thickness may not be representative of wall thickness in the rest of the left ventricle. This might be especially true in conditions associated with asymmetric hypertrophy (such as hypertrophic subaortic stenosis) or fibrosis (coronary disease with regional disorders of contraction). Concern about this possibility has led us to exclude such patients from the present study, but the possibility of asymmetric changes cannot be ruled out.
In .summary, we have examined the influence of wall thickness on diastolic properties of the left ventricle in 24 patients. The results suggest that wall thickness is an important determinant of left ventricular diastolic stiffness and pressure, and that wall thickness appears to predict diastolic stiffness independent of the presence or absence of LVH.
